The ocean is divided into three layers, i. e., surface (0-100 in), middle (100-1,100 m) and deep (1,100-4,000 m). The concentration of inorganic carbon and the specific activity of radio-carbon relative to that in the air are assumed to be as follows.
Introduction
Several years ago, the present authors published a paper entitled "On the radio-carbon age in the ocean waters" (Miyake and Saruhashi, 1966) . In the paper, they pointed out that the decay rate of inorganic radio-carbon in the ocean (1.5X 10-"g/m2, y) is much smaller than the biological uptake and regeneration (1x10-" g/m2, y) as well as the exchange rate of inorganic radio-carbon through the air-sea interface (2x10-10g/m2, y). The rate of transfer of inorganic radio-carbon among different layers with different specific activities is also much greater than the radioactive decay rate. On these views, the present authors thought that the concentration of inorganic radio-carbon in different layers of the ocean is largely controlled by the transfer processes of radio-carbon rather than the radioactive decay. A steady state with respect to radio-carbon was assumed among different processes of transfer, including radioactive disintegration, which work together to control the specific activity of inorganic radio-carbon in sea water in each layer. compensated for by the supply of inorganic carbon through the regeneration from either fresh or old organic matter or the dissolution of either fresh or old calcium carbonate shells. The supply of inorganic carbon from the old biological debris decreases the specific activity of radio-carbon in the deeper layer.
In the previous paper, by using the two-box model, the present authors deduced the conclusion that when the residence time of the deep water is 200 to 300 years (and that of the surface water is 5 to 7 years), the deep water shows the apparent age of about 1,300 years at the steady state, which coincides well with the observation.
In the previous study, however, some of the assumptions were not adequate from the present point of views. In addition, no equations were presented with respect to the stable inorganic carbon. In this paper, the three-layer model of the ocean is introduced with the equations both for radioactive and stable inorganic carbon in each layer using more probable assumptions than the previous ones.
The three-layer model of the ocean
To obtain the correct radio-carbon age, the following conditions are necessary. 1. A closed system in which the amount of carbon remains constant.
2. An open system which allows the entrance and escape of carbon with the same specific activity of radio-carbon as that in the system at the time t. There are two types of open system : one is the steady state open system and the other is the non-steady state open system both with respect to the amount of carbon.
In regard to the radio-carbon, the ocean is neither a closed system nor an open system as defined above. The ocean is regarded as a sort of open system in which complicated and dynamic transfer of inorganic carbon with different specific activities is taking place rapidly. In this paper, in order to construct the radio-carbon model of the ocean, the ocean is divided into three layers : the surface layer (0-100 m), the middle layer (100-1,100 m), and the deep layer (1,100-4,000 m). Suffixes, s, m and d denote respectively the surface, middle and deep layers.
When the mass conservation of water is considered, the following equations hold for the transfer of water between two layers.
KG Ws= Kni, Wm(1)
W is the amount of water in each layer (//m2), W8, Wm, and W d are respectively 1051/m2, 106//m2 and 2.9x1061/m2. K and K' are the rate constants of transfer of water from one layer to another.
The residence time of water in the surface (Ts) and deep layer (Td) are given respectively as reciprocals of K8 and Ifd. Generally, Ts is estimated to be from 5 to 10 years. For the middle layer, the residence time of water T. is given by the reciprocal of (K.-FK'.).
The mean residence time Tm+d of water in the whole layer below the surface is given by the reciprocal of (KBxWB)I (W.+Wd).
The reciprocals of Km and K'18 are expressed as Ti and 72
The amount of inorganic carbon (C, g C/m2) in each layer is expressed as follows :
C=cW(3) where c is the concentration of inorganic carbon in sea water (g CR). Referring to the recent analytical results on the inorganic carbon content in ocean water, it is Radio-carbon Model of the Ocean265 assumed that c8 is 2.0 mg atom C/i or 24 mg C//, cm is 2.25 mg atom C/i or 27 mg C// and cd is 2.45 mg atom C/i or 29.4 mg C//. Therefore, C. is 2,400 g C/m2, C. is 27,000 g C/m2 and Cd is 85,260 g C/m2.
Using the above equations, the rate of transfer of inorganic carbon between two layers can be expressed as follows :
KsCs=r KmCin,(4) .1",Cm=ri KdCd (5) where r and r' are the ratios of cs I cm (0.889) and cm/cd (0.918).
Equations (4) and (5) show the unbalanced exchange of inorganic carbon between the surface and middle layers as well as between middle and deep layers, which may cause the dilution of inorganic carbon in deeper layers if there is no supply of inorganic carbon in these layers.
In the global ocean, the biological activity produces organic matter at the rate of about 60 to 80 g C/m2, y on an average. There is also the formation of calcium carbonate shells which takes the dissolved inorganic carbon out of water. Since the rate of formation of the latter is smaller than the former, the biological uptake rate of inorganic carbon is assumed to be the same as the primary organic production rate. The organic carbon including calcium carbonate of biological origin decomposes or dissolves in water, through which the dissolved inorganic carbon is regenerated. B8, B. and Bd1 denote the rates of regeneration of inorganic carbon from the fresh biological debris in respective layers.
It is well known that there is a considerable amount of dissolved organic matter in the ocean which is estimated to be about 5,400 g Chu'. In addition, in the deepsea deposit, there is a large amount of organic matter (at least 5 ton Cim2 on an average). There is also a tremendous volume of calcium carbonate of biological origin (about 170 ton C/m2 on an average) in the deposit. It is observed that more than 40% of the entire surface area of the world ocean floor is covered by calcium carbonate ooze. The above facts clearly tell that a part of freshly formed organic matter and calcium carbonate shells must remain and accumulate in sea water or on the sea bed without being regenerated for a long time.
On the other hand, inorganic carbon must be supplied into sea water from a small portion of remaining old biological debris to maintain the steady state with respect to inorganic carbon. The accumulation of a large amount of biological debris in the ocean through the geological time suggests that the rate of dissolution or decomposition of debris of living matter is very slow, much slower than the radioactive decay rate of radio-carbon. Thus, it is considered that the inorganic carbon which is originated from the old biological matter has little radio-carbon activity. Bd2 denotes the rate of supply of inorganic carbon from old biological debris whose specific activity (c) is negligibly small.
In the steady state, it is to be noted that the rate of supply of inorganic carbon from old biological debris should be the same as that of remains of fresh debris, because there is a simple relation :
13:=B8+B1+Bd1+Bd2 (6) 266Y.
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Needless to say that there is an exchange of carbon dioxide between the sea and the air which is often regarded as an automatic regulator of the concentration of carbon dioxide in the air. As the total amount of carbon dioxide in the air is 1.28x103g Cfm2, the rate of entrance (E) or escape (S) of inorganic carbon is about 180g C/m2, y when the residence time (Tair) of carbon dioxide in the air is 7 years. By taking the above conditions into consideration, the mass balance of the stable inorganic carbon at the steady state in each layer is expressed as follows :
It is known that there is an isotopic fractionation among different compounds of the same element. The fractionation takes place also through the exchange of isotopes among different phases. The estimation of the isotopic fractionation factors of radiocarbon between inorganic and organic forms, as well as between the air and the sea, was done by referring to those of the stable isotope 13C. ri etc. denote the istotopic fractionation factors of radio-carbon, respectively in the following processes : 1. air to sea (1.02), 2. sea to air (0.98), 3. inorganic to organic (0.97), 4. organic to inorganic (1.03).
ab denotes the specific activity of radio-carbon in the fresh organic matter in each layer. ab in each layer is calculated taking into account the successive isotopic fractionation through regeneration. The values of 0.92, 0.90 and 0.88 are given respectively to ab8, abm and abd. Ais the radioactive decay constant (1.26x10-4/y).
By considering every process concerned, the specific activity (a) of inorganic radio-carbon in each layer at the steady state is expressed as follows :
Combining the above equations for stable and radioactive carbon isotopes, the following equations can be deduced :
The results of calculation
By using the results of observations the mean specific activities (a) of radiocarbon in sea water in the surface, middle and deep layers are assumed respectively to be 0.95, 0.90 or 0.89 and 0.85 relative to that in the air. On the basis of the above assumptions, the calculations of values of K'., Kd, E or S, Bs, B., Bdl and Bd2 were done for different residence times of water in the surface layer (TO. The results of calculation are given in Tables 1 to 4 respectively for am of 0.89 and 0.90, and also the primary production rate of 60 and 80g Cfm2, y.
3.1
In case of the primary production rate (P) of 60g C/m2, y
The calculation in case of the primary production rate (P) of 60g C/m2, y shows that B8 is zero or negative for the residence time Ts of 5 years or shorter.
On the other hand, for Ts of 10 years or longer, B8 exceeds 30g Cim2 (the regeneration factor of 0.5) in the surface layer, which seems rather unrealistic.
Therefore, the probable length of residence time of water in the surface layer is considered to be between 6 to 9 years. However, it was found later that Ts of 6 years is a little too short in connection with the regeneration rate of inorganic carbon below the surface. Thereforce, the residence time Ts of 7 to 9 years is adopted in the following discussions.
Assuming Ts of 7 to 9 years, the residence time of carbon dioxide in the air Tair is calculated to be 5.4 to 6.8 years for am of 0.89 which is close to the previous estimations.
A somewhat shorter residence time Tair from 4.7 to 5.9 years is obtained for an of 0.90.
With respect to the rate of exchange of water between the middle and deep layers, for amof 0.89, larger values of K' (from middle to deep) than those of the corresponding value of K (from middle to surface) are deduced. This means that the exchange rate of water between the middle and deep layers is faster than that between the surface and middle layers. This is probable because there is no distinct thermocline between the middle and deep layers which may allow an easier mixing of water between the two layers than that between the surface and middle layers, which are generally separated by the steep thermocline as a barrier.
The total residence time of water in the middle layer T. of 34 to 45 years may be reasonable.
On the other hand, in the case of am of 0.90, a somewhat larger Tfm than Tm is obtained, which suggests that the rate of exchange of water between the middle and deep layers is slower than that between the surface and middle layers which seems rather improbable.
But at any rate, Ts can not exceed 9 years with a. of 0.90, because Bd2 becomes zero or negative for T,s of 10 years or longer.
By using the calculated values of T'., the residence time of water in the deep layer Ti is given in Tables 1 and 2. The rate of regeneration of inorganic carbon (B8) from organic matter in the surface layer is not well established, but, judging from the regeneration rate of other nutrients, it is assumed that the regeneration factor ranges from 20 to 40% of the primary organic production rate. For Ts of 7 to 9 years, B8 ranges from 17 to 26g C/m2 which is equivalent to 28 to 43% of the primary production rate.
By assuming that the specific activity (e) of inorganic carbon which is regenerated from the old biological debris is zero, the regeneration rate of fresh debris below the surface (13.+Bdi) can be estimated as given in Tables 1 and 2 . For T8 of 7 to 9 years, (Bm+Bdl) falls in the reasonable range of 30-35g C/m2, y both for am of 0.90 and 0.89. The corresponding value of Bd2 is estimated to be from 10 to 2g C/m2, y.
3.2 In case of the primary production rate (P) of 80g C/m2, y Using the same assumptions as above, the calculation was done for the case of the primary production rate (P) of 80g C /m2, y. The results of calculation give the probable values for B8 of 20 and 30g C/m2, y respectively for T8 of 5 and 6 years. Using the value of Ts of 5 to 6 years, the residence time of carbon dioxide in the air Tair is estimated to be 3.8 to 5.5 years and 4.6 to 7.4 years respectively for am of 0.89 and 0.90. As to the exchange rate of water between the middle and deep layers (K'm), a little larger values than Km is obtained for am of 0.89. On the contrary, a somewhat smaller value of K'm than Km is given foram of 0.90. At any rate the residence time of water in the middle layer ranges from 24 to 35 years, which seems reasonable. (Bm-I-Bdi) , that is, the regeneration rate of inorganic carbon from the fresh debris below the surface ranges from 37 to 50g C/m2, y whereas Bd2 is from 9 to 18g C/m2, y. Tables  1 to 5 
